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INTRODUCTION
This report summarizes the experimental and theoretical effort
completed during the current time period in conjunction with the ATS-5
Millimeter Wave Experiment. The body of the report consists of two
papers which were presented at the 1972 USNC-URSI Spring Meeting,
Washington, D.C., April 14, 1972; these papers summarize the experi-
mental and theoretical efforts conducted under this grant, respectively.
During 1970 and 1971 attenuation, radiometric temperature, and
rain rate data were obtained by The Ohio State University in conjunction
with ATS-5 15.3 GHz downlink measurements. These data were gathered
at two ground receiving terminals spaced 4 km apart during 1970 and
8 km apart during 1971. These data have been subsequently analyzed
to determine the space diversity characteristics of this communications
link. The results of this analysis indicate that substantial improve-
ments in system performance may be gained through the use of space
diversity.
In a parallel effort a simple, tractable thunderstorm cell model
has been examined to determine its utility in estimating the long term
fading statistics of both single terminal and two terminal diversity
systems. The model was designed to incorporate readily available U.S.
Weather Service rain statistics; thus, the resulting predictions are
geographically .dependent upon each particular terminal location.
Using this simple cylindrical storm cell model, the resulting pre-
dictions agreed with experimental ATS-5 measurements within a range
of 3 dB.
THE USE OF SPACE DIVERSITY IN THE RECEPTION OF
MILLIMETER WAVELENGTH SATELLITE SIGNALS
D.B. Hodge
ABSTRACT
The various meteorolgical parameters that influence millimeter
wavelength satellite-to-ground space diversity links are summarized.
Space diversity propagation statistics obtained using the 15.3 GHz
down-link on ATS-5 are presented. These results include comparison
of data obtained using site separations of 4 and 8 km. Propagation
data were recorded at Columbus, Ohio, during 1970 using a site
separation of 4 km and during 1971 using a site separation of 8 km.
The radiometric temperature as well as attenuation of the satellite
signal was recorded in both cases for correlation purposes. Both
statistics of individual storm events and cumulative statistics have
been analyzed yielding single site and joint fade distributions,
correlation between attentuation experienced at the two receiving
terminals, and correlation between path radiometric temperatures
observed at the two receiving terminals. These data indicate that
the use of space diversity is indeed effective in improving the ,
reliability of millimeter wavelength satellite-to-ground communica-
tion links.
It has been well established that fade depths exceeding typical
system margins may be encountered for significant periods of time on
millimeter wavelength earth-satellite links. These deep fades are a
result of intense rain rates associated with thunderstorm cells located
along the propagation path. Unfortunately, the occurrence of thunder-
storms is not uniformly distributed throughout the year. For example,
in Ohio thunderstorms and intense rains are much more likely to occur
during the months of May, June, and July. In addition, the occurrence
of thunderstorms is not uniformly distributed throughout the day,
their occurrence being more likely in the late afternoon and early
evening hours. Thus we may conclude that fade distributions and
reliability statistics expressed on an annual basis will be rather
optimistic during the thunderstorm season and even during certain hours
of the day.
In order to improve the reliability of these systems, the use of
space diversity in the reception of the satellite signals has been
proposed. This approach takes advantage of the fact that most of
the deep fades are a result of high rain rates associated with intense
thunderstorm cells. These thunderstorm cells are, in turn, quite
limited in horizontal extent as compared with showers having lower
rain rates, which may be rather widespread horizontally. Obviously,
both types of rain are limited in vertical extent. An example of a
single thunderstorm cell is shown in the PPI radar photograph in
Fig. 1. This cell was observed on June 14, 1971, using a 15 GHz
radar system. The antenna elevation was ?o, the azimuth ranges from
240° to 330°, and the range marks are at two mile intervals. The finite
extent of the cell and the irregular shape should be noted in particular.
A second PPI photograph of this cell, taken a few minutes later, is
shown in Fig. 2. In this case the radar was being operated in a con-
tour mode such that areas producing large reflected signals are blanked
out. Here we note that the highly reflective area associated with in-
tense rain is further concentrated within the cell itself. Thus, the
space diversity technique takes advantage of the limited extent of in-
tense rains by utilizing two receiving terminals, one of which is in-
tended to "look" around or over the cell while the other is experi-
encing a fade. It is evident that the statistical properties of the
cell shape, extent, orientation, and height, as well as the rain rate
distribution within the cell, will ultimately determine the optimum
separation distance and direction of the receiving terminals and the
resulting improvement of system performance. Further complicating this
.problem is the fact that these controlling cell characteristics are de-
pendent on the climatological region; and, thus, the optimum diversity
configuration and resulting system improvement will vary throughout
the United States.
Figures 3 and 4 show worst and best case examples, respectively,
of three terminal space diversity data provided by Dr. D.C. Hogg, Bell
Telephone Laboratories, Inc. The time delay between the occurrence of
maximum attenuation at the different terminals varies from a few minutes
to almost an hour. Nevertheless, some diversity improvement would
result in each case.
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Fig. 2. Contour display of cell shown in Fig. 1
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Fig. 3. Three terminal diversity--
worst case example.
Space diversity measurements were made by the Ohio State Univer-
sity, Columbus, Ohio, using the ATS-5 15.3 GHz down-link during 1970
and 1971. The terminal separation distance was approximately 4 km
during the 1970 data period and 8 km during the 1971 data period. The
initial spacing of 4 km was chosen because available rain distribution
data [1] indicated that the cross-correlation between the fading ob-
served at two terminals separated by this distance would be on the
order of 0.5. Although this is not a desirable criterion for the
establishment of a practical diversity system, it was felt that this
approach would yield information concerning the dependence of corre-
lation upon the site separation distance more rapidly than the choice
of very large or small separation distances for the initial experiment.
In addition, the direction of site separation was oblique with respect
to the propagation paths rather than perpendicular to them in order to
achieve vertical as well as horizontal separation between the two paths.
The top and side views of the site locations are shown in Figs. 5 and 6.
During the 1970 data period a 30 foot parabolic antenna was used
at the fixed terminal and a 15 foot parabolic antenna was used at the
transportable terminal, site 1. These antennas are shown in Fig. 7
along with the transportable equipment van which may be seen to the
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Fig. 4. Three terminal diversity-
best case example.
right of the smaller antenna. Since the 30 foot antenna was not de-
signed for operation in high wind speed environments, such as those
encountered during the passage of severe thunderstorms, it was
replaced by a new 15 foot antenna before the start of the 1971 data
period. No significant reduction in system margin was incurred with
this change since the gain of the original 30 foot antenna at this
frequency was limited by surface roughness to approximately the same
gain as the smaller, new antenna. Square, corrugated feed horns having
equal E- and H-plane patterns were used to illuminate these antennas;
the two orthogonal linearly polarized components were then fed,
respectively, to the PLL receiver and the radiometer. The remaining
instrumentation has been described in References 2,3, and 4.
A sample of the raw data obtained using the 4 km separation dis-
tance during 1970 is shown in Fig. 8. The upper trace in each case
gives the radiometric temperature measured along the propagation path
and the lower trace is the pulse-by-pulse record of the received co-
herent signal. At approximately 1000 Z a small, rather intense thunder-
storm cell passed through the propagation paths producing very rapid,
deep fades. The fade depth at the fixed terminal was in excess of 12 dB,
while the fade depth at the transportable terminal was approximately
6 dB. The maximum cross-correlation between the signals received at
the two terminals was associated with a time delay of 8 minutes. The
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Fig. 5. Top view of site locations.
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detailed analysis of the data obtained using a separation distance of
4 km is contained in Reference 5.
A sample of the raw data obtained using the 8 km separation dis-
tance during 1971 is shown in Fig. 9. In this case a slowly moving
cell produced a 13 dB fade at the fixed terminal while producing negli-
gible attenuation at the transportable terminal. The increased signal
level occurring at the fixed terminal at approximately 1715Z is a
result of increasing the receiver gain by a factor of two.
DIVERSITY TERMINAL
Fig. 9. Sample data at 8 km site separation.
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For the purpose of studying the improvement resulting from space
diversity operation, seven different storm events which produced signi-
ficant fading were selected from the data obtained using the 4 km site
separation for detailed analysis; nine such events were also selected
from the data obtained using the 8 km separation distance. Treating
each storm event individually, the cross-correlation between the attenu-
ations observed at the two sites was calculated. A sample cross-corre-
lation function for one storm event is shown in Fig. 10. Three character-
istics of the storm event may be inferred qualitatively.from this cross -
correlation function. First, the time delay associated with the maximum
of the cross-correlation function, in this case 8 minutes, is related to
the speed with which the storm cell crosses the propagation paths.
Second, the cross-correlation function evaluated for zero delay is an
indicator of the effectiveness of a space diversity system operating
in real time. And, third, the maximum value of the cross-correlation
function is a measure of the change in the storm cell structure as it
traverses through the two propagation paths, or, alternatively, the
degree to which the propagation paths "slice" through different portions
of the storm cell.
SIGNAL CROSS-CORRELATION
JUNE 15. 1970
0941 / I 02SZ
( T MEASURED WITH RESPECT TO SITE 1 )
Fig. 10. Cross-correlation between receiver
signals at two terminals separated
by 4 km.
The cumulative cross-correlation functions for all the events
analyzed in the two data periods were also calculated. The cumulative
cross-correlation function at zero delay was 0.452 and the average
delay time associated with the maximum cross-correlation function was
4.1 minutes for the data obtained using the 4 km terminal separation.
Similarly, the cumulative cross-correlation function at zero delay was
0.268 and the average delay time of the maximum cross-correlation
function was 10.2 minutes for the data using the 8 km terminal separation
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The fade distributions observed at the individual terminals as
well as the fade distribution resulting from the space diversity mode
of operation were also examined. These results for the 4 and 8 km
separation distances are shown in Figs. 11 and 12, respectively. As
expected, the individual terminal fade distributions are quite similar
for the 4 km separation and show less similarity for the 8 km separation,
The diversity fade distributions, labeled "BOTH" in the figures, were
obtained by digitally comparing the individual terminal received signal
records and selecting the larger signal on a second-by-second basis.
This method of analysis corresponds to a simple switched diversity
system operating in real time. Significant improvements in system per-
formance would have resulted from the diversity mode of operation for
both separation distances.
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Fig. 11. Fade distributions for 4 km data.
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Fig. 12. Fade distributions for 8 km data.
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Diversity gain may be defined as the difference between the sig-
nal level resulting from the diversity mode of operation and the median
of the individual terminal received signal levels, both evaluated at
a given percentage of occurrence. The diversity gain then corresponds
to the improvement derived from diversity operation as compared to single
terminal operation over a long period of time. Diversity gain data for
both the 4 and 8 km separation distances as a function of single terminal
fade depth are shown in Fig. 13. Note that the abscissa itself corres-
ponds to diversity operation with zero separation, and the straight line
with unity slope through the origin corresponds to ideal case where
diversity operation eliminates all fading. Obviously, then, the 4 and
8 km diversity data must lie between these two limiting cases. Note,
also, that the experimental data fall very nearly on straight lines
having approximately unity slopes for fade depths exceeding 10 dB for
the 4 km separation and 4 dB for the 8 km separation. This character-
istic indicates that the diversity system is operating very much like
an ideal system for fade depths below these levels and is, indeed,
quite effective in improving system performance during periods of deep
fading. Further examination of the diversity gain data indicates that
the use of larger terminal separation distances will provide proportion-
ally less improvement in system performance. This reduced degree of
DIVERSITY GAIN
VI
FADE DEPTH
\A \
6 8 10 12
FADE DEPTH (dB)
Fig. 13. Diversity gain versus single
terminal fade depth.
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improvement will also be purchased at the increased cost of the data
link between the two ground terminals required for real time diversity
operation. Another factor which will come into play as the separation
distance is increased is fading due to the simultaneous intersection
of the propagation paths by two different storm cells. PPI radar ob-
servations during the data gathering periods have indicated qualita-
tively that the events observed at the 4 and 8 km separation distances
were completely dominated by single cells influencing both paths sim-
ultaneously.
In summary, data obtained using the ATS-5 15.3 GHz down-link have
shown that significant system performance improvement results from the
use of diversity receiving terminals spatially separated by 4 and 8 km.
The durations of fades in excess of 10 and 6 dB, respectively, were
reduced by at least two orders of magnitude in central Ohio. Further
performance improvements to be gained by utilizing larger separation
distances must be weighed against the increased costs of the data link
between the ground terminals and the reduction in effectiveness result-
ing from the increased likelihood of fading produced by two different
storm cells. Additional problems which remain to be examined include:
the dependence of diversity gain upon a wider range of separation
distances, the dependence of diversity gain upon the orientation of
the separatee i baseline, and the dependence of both of these character-
istics upon the meteorological environment encountered at various geo-
graphical locations.
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THE ESTIMATION OF ATTENUATION STATISTICS FOR EARTH-SPACE
MILLIMETER WAVELENGTH PROPAGATION
Logan R. Zintsmaster
ABSTRACT
The attenuation probability distributions for a millimeter wave-
length earth-space propagation path are estimated for a single site
and for a diversity configuration. The precipitation attenuation
phenomenon is modeled by a cylindrical storm cell having a homogeneous
rain rate. The attenuation probability distributions are then calcu-
lated from this storm cell model in terms of the rain rate probability
density function, the cell diameter as a function of rain rate, and
a fixed cell height. A rain rate probability density function which
can be related to National Weather Service rain rate measurements is
used in the calculations. Data from ATS-5 measurements for single
sites in Rosman, North Carolina, and Columbus, Ohio, are compared to
results calculated using typical storm parameters. In addition diver-
sity calculations are compared with ATS-5 diversity measurements in
Columbus, Ohio.
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Precipitation in the form of rain is one of the major factors
influencing the propagation of millimeter wavelength signals. One
means used to characterize this effect is the attenuation probability
distribution function. The ATS-5 experiment has been used to empiri-
cally measure this function and a need exists for a method to predict
this function. This paper presents such a technique using a storm cell
model for calculating the attenuation probability distribution from
tipping bucket rain rate data. This model may also use tipping bucket
rain data published by the National Weather Service.
In calculating the attenuation probability distribution the
assumption was made that the precipitation events affecting the pro-
pagation of millimeter wavelength signals could be represented by
cylindrical storm cells as shown in Fig. 1.
The storm cell is filled homogeneously with a rain rate r and has
a fixed height, h. The diameter, a function of the rain rate r, repre-
sents an effective cell diameter. The location of the storm cell will
be determined by the point where the vertical axis of the cell passes
through the x,y plane. This point is identified as (x0,y0) and will
be referred to as the center of the storm cell. The earth terminal,
CELL DIAMETER
d(r)
SATELLITE
CELL HEIGHT
EARTH TERMINAL
Fig. 1. Model storm cell and coordinate axes.
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the propagation path and the coordinate axes are also shown. It is
assumed that the terminal is located at the origin and that the pro-
pagation path lies in the x-z plane. The usual flat earth assumption
has also been made.
There are four ways in which the storm cell may intersect the
propagation path. In the first case, shown here, the propagation path
enters the side of the cell and exits through the side. The length of
the intersected path is shown as a.
The other three types of intersections are:
1) The propagation path enters the side and exits through
the top,
2) The path originates within the cell and exits through
the top, and
3) The path originates within the cell and exits through
the side.
In each of these four cases, the attenuation caused by the storm
cell precipitation can be determined from the length of the inter-
sected path, SL, and the storm cell rain rate, r, using the Gunn-East
relation,
(1) a = .035
The constants used here were interpolated from results calculated by
Crane[l] from rain drop distribution measurements. In calculating the
attenuation distribution the probability of a storm cell being centered
at any point was assumed to be uniform over the universe of cell loca-
tions. Using the Gunn-East equation to relate the random variables a,
r and£, the attenuation probability distribution function was calculated
and is
(2) Pa(a0) = N / [PB(r) + PBQ 6(r)] A^-,(vr))/AB(r) dr •
rmin(a)
This equation relates the attenuation distribution function to the tip-
ping bucket rain rate probability density function and two areas which
are functions of the cell geometry and the propagation path geometry.
The constant N is used to normalize the equation so that P(0) = 1.
The first term in the integrand, the tipping bucket rain rate
probability density function, has two parts. The first, pR(r) is the
probability density that a non-zero rain rate is measured by the tipping
21
bucket. The second, pgQ, is the probability that a zero rain rate is
measured. These functions account for the precipitation characteristics
at the site being considered.
The functions which depend on the cell geometry are As(r) and
A(£](aQ,r)). A3(r) is the area within which a storm center may be
located and produce rainfall into the tipping bucket. The function
A(ii-|(a0,r)) is the area within which a storm center may be located and
intersect the propagation path over a length greater than or equal to
M-
Since the storm cell has a finite maximum diameter, there is a
maximum possible intersected path length for a given attenuation, ap.
This requires that a minimum rain rate be present in the cell for that
attenuation to occur. This minimum rain rate is rm-jn(a), the lower
limit of the integration.
For the model to be of maximum usefulness the rain rate density
function should reflect the precipitation characteristics of each
terminal location being considered. Data for stations all over the
United States are published by the National Weather Service, however,
the rain rates which are measured are averaged over a one hour time
interval and are too coarse to use directly in the calculation.
It has been found by Rice and Holmberg[2] that the tipping
bucket probability distribution function could be approximated by the
sum of three exponential functions called modes. It was further found
that the modes for different averaging times were related so that given
the mode parameters for a particular averaging time the corresponding
mode parameters for a different averaging time could be calculated.
From this distribution, the tipping bucket rain rate density
function for non-zero rain rates was calculated and is shown in Eq. (3) .
3
(3) pB(r) = I A-j/Bi exp(-r/Bi)
The mode coefficient, A-j ,will be calculated from measured rain
rate data. The mode rates, B-j, used are taken from the Rice-Holmberg
calculations. The zero rain rate probability is determined from
Eq. (3) and is given below.
3
(4) PBO = 1 - E Ai
To include the precipitation characteristics of a particular site into
the attenuation distribution the hourly precipitation data published
by the National Weather Service is used to calculate a best fit Rice-
Holmberg clock-hourly rain rate distribution function. From this
function the clock one minute distribution function is calculated.
22
Although it would be ideal to have the instantaneous statistic the
clock one minute statistic is the best presently ava i l ab l e .
The other terms in the integrand are functions of the storm cell
and propagation path geometry . The area w i t h i n which a storm cell
can be located and rain in the t ipp ing bucket rain gauge, A g t r ) , is a
circular region, centered at the t ipp ing bucket. This area is 7 r (d ( r ) ) 2 / 4 .
The area wi th in which a storm cell may be centered and intersect the
propagation path is shown in F ig . 2 for the s ingle and two site calcu-
lat ions. For a s ingle site the region is centered about the x-axis and
represents the area where a storm cell may be centered and intersect
the path over a length greater than or equal to 2.- |(a0 , r) . To calculate
the two site joint attenuation dis t r ibut ion, the storm cell must inter-
sect both propagation paths s imultaneously. Thus , the path inter-
section area A ( ^ ] ( a , r ) is the area of overlap of the two s ingle site
intersection areas. The analytic forms of these areas is determined
in a straight forward manner from the storm cell-propagation path
geometry.
H a v i n g calculated the attenuation probabili ty dis tr ibut ion func-
tion for the model storm cell , the storm cell dimensions, h and d ( r ) ,
must now be related to the physical precipitation process so that cal-
culations can be made. The cell height, h, represents the he igh t of
the precipitation cel l . For most of the United States a value of 5 to
7 km is typical. It has been found that the results are not very
sensitive to the exact choice so an average of 6 km was used in the
calculat ions presented here.
Whereas the cell height corresponds to the physical height of a
rain cell , the storm cell diameter represents an effective diameter and
thus may not correspond well wi th the actual physical dimensions of rain
cells. Several proposed diameter-rain rate functions are shown in Fig . 3.
The first is a modified form of the CCIR function. The or iginal
function becomes negative for rain rates greater than about 50 mm/hr.
Since this does not seem realistic, the function was modif ied so that
the m i n i m u m cell diameter was clamped to 1.25 km. The choice of the
m i n i m u m diameter was based on data from Bell Labs suntracker measure-
ments presented by Hogg[3]. An exponential function was fitted to Hogg ' s
data for use in numeric calculations and is also shown in this figure.
The third diameter funct ion shown was determined empir ica l ly
from the 1970 Ohio State University ATS-5 data us ing the mode concept
presented by Rice and Holmberg. Since the Rice-Holmberg distribution
characterizes different types of precipitation processes in terms of
three modes, it seemed logical to characterize the size of these pre-
cipitation cells in a modal form also. For the calculations to be pre-
sented here, the Bell fit diameter function and the three mode diameter
function were used.
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REGION WHERE INTERSECTED PATH LENGTH
EQUALS OR EXCEEDS i, FOR SINGLE TERMINALt
TERMINAL
\
REGION WHERE INTERSECTED PATH LENGTH
FOR BOTH TERMINALS EXCEEDS jl
Fig. 2. Areas of storm cell center locations for propagation
path intersections with one and two terminals.
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DIAMETER-RAIN RATE FUNCTIONS
MODIFIED CCIR d(r) = 41.4-23.5 LOG|Q( r)
O—O BELL FIT d(r) = ll.34 exp(-;/£3) 41.25
D—O MODIFIED BELL FIT, THREE MODES
d( r ) * 1134. exp(
1.134 exp(~J/33)
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
RAIN RATE (m%r)
Fig. 3. Diameter-rain rate models.
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In order to make a fair comparison between the calculated attenu-
ation distribution and the measured attenuation distribution, the rain
rates which occurred during the attenuation measurements were used to
calculate the A . ' s in the Rice-Holmberg distribution. A comparison of
the best fit Rice-Holmberg distribution and the rain rates measured at
NASA Rosman in 1970 are shown in Fig. 4. It is seen here that the Rice-
Holmberg distribution fits the data very well.
Using this rain rate distribution and the Bell fit diameter function
the attenuation distribution for the NASA Rosman terminal was calculated
and is shown in Fig. 5. The error criterion which is used to evaluate
the comparison of the measured and calculated results is the horizontal
distance between the curves. This criterion gives the attenuation dif-
ference between the calculated and experimental attenuation for a con-
stant probability. It can be seen that the calculated distribution
brackets the measured distribution. For low attenuations the results
are about 3 dB low. For high attenuations the calculated distribution
is about 3 dB high.
Using the three mode diameter function the results were improved
significantly as shown in Fig. 6. The error at low attenuations has
been reduced to 2 dB and at high attenuations the error is only .5 dB.
It is seen that the calculated distribution agrees well with the mea-
sured distribution.
As mentioned earlier the three mode diameter function was found
by fitting the calculated attenuation distribution to the single site
distribution measured at Ohio State in 1970. This fit is shown in
Fig. 7. The flattening of the measured curve was ignored in the fit
since it resulted from margin limitations in the measurements.
In Fig. 8 the storm cell model was used to calculate the two
terminal joint attenuation distribution for the 4 km spacing used in
1970 at Ohio State University. It is seen here that good agreement
is also obtained.
To summarize the results using the three mode diameter function
the error curves were calculated and are shown in Fig. 9. It is seen
that the three mode diameter function gives good agreement with the
1970 experimental data.
In conclusion, the single site attenuation distribution and the
two site joint attenuation distribution were calculated using a
cylindrical storm cell model. A technique was described for using
National Weather Service precipitation data to calculate the attenua-
tion distribution for a particular site location. Using a three mode
diameter function it was shown that the model agreed within 2 dB for
both the single site attenuation distribution and the two site joint
attenuation distribution when compared with ATS-5 propagation measure-
ments. Although this storm cell model represents a first attempt at
making this type of calculation it appears to be a promising approach
and provides a basis for future model development.
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Fig. 4. NASA Rosman rain rate data.
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